Pulse EPR and 55 Mn-ENDOR (electron nuclear double resonance) experiments at 34 GHz (Q-band) were performed on the S 2 state of the OEC (oxygen-evolving complex) in PSII (Photosystem II) from Thermosynechococcus elongatus. The ENDOR spectra are discussed with respect to earlier data obtained from X-(9 GHz) and Q-band experiments on PSII preparations from spinach with and without the addition of methanol.
Introduction
The OEC (oxygen-evolving complex) in PSII (Photosystem II) is the catalytic site for photosynthetic water oxidation [1] . According to the present structural model based on X-ray crystallography [2] , the core of the WOC (water-oxidizing complex) consists of four manganese ions and one calcium ion. The bridging ligands between the metal ions and the protein ligands of the cluster have not yet been unequivocally identified. Water oxidation occurs in five steps in the so-called S-state cycle (S 0−4 ) [3] . Owing to radiation damage [4] , the current X-ray structure of the OEC probably does not correspond to any of the functional S-state structures. Therefore alternative approaches to resolve the structures of the functional S-states are required, e.g. X-ray absorption spectroscopies [5] . Two of the S-states, S 0 and S 2 , are paramagnetic [6] [7] [8] , can be trapped and have been extensively studied by EPR techniques to obtain not only information on the geometrical structure, but also information on the very important electronic structure of the cluster. In particular, the broad MLS (multiline signal) of the S 2 -state has been studied in different frequency bands and from different organisms [9, 10] . ENDOR (electron nuclear double resonance) spectroscopy and ESEEM (electron spin-echo envelope modulation) spectroscopy on protons and nitrogen have been used for studying protein ligands and substrate binding to the WOC [11] [12] [13] . 55 Mn-ENDOR experiments have been performed at Xand Q-band for PSII prepared from spinach [14] [15] [16] to directly obtain hyperfine information on the WOC. While early X-band ENDOR spectra of the S 2 -state by Randall et al. [14] consist only of a broad line with some superimposed features, a later work [15] shows ENDOR spectra with three sharp Key words: electron nuclear double resonance (ENDOR), manganese cluster, oxygen-evolving complex (OEC), Photosystem II, Thermosynechococcus elongatus, water-oxidizing complex. Abbreviations used: cw, continuous wave; ENDOR, electron nuclear double resonance; ESEEM, electron spin-echo envelope modulation; FSE, field-swept echo; MLS, multiline signal; OEC, oxygen-evolving complex; PSII, Photosystem II; PSIIcc, PSII core complexes; RF, radiofrequency; WOC, water-oxidizing complex. 1 To whom correspondence should be addressed (email robert.bittl@physik.fu-berlin.de).
features on a much weaker underlying broad background. ENDOR spectra taken at 34 GHz [16] show four wellresolved lines. Furthermore, there is disagreement in the literature concerning the influence of methanol. Methanol is often used in EPR investigations of the S-states in order to obtain stronger and better-resolved EPR spectra. Peloquin et al. [15] see almost no difference in the ENDOR spectra of spinach preparations taken at 9 GHz with or without the addition of methanol. In contrast, the results of Kulik et al. [16] show profound differences in the Q-band ENDOR spectra for methanol-treated and untreated samples.
This sensitivity of the ENDOR spectra to the precise sample conditions requires not only a study of its origin but also the investigation of PSII from different species. Here, we present ENDOR spectra recorded at 34 GHz on PSII prepared from Thermosynechococcus elongatus. Besides information on potential species differences in the electronic structure of the WOC, the present study provides the basis for investigations of PSII single crystals, which have so far been available only from T. elongatus.
Materials and methods
The preparation of PSIIcc (PSII core complexes) from T. elongatus is described elsewhere [17] . PSIIcc in 100 mM Pipes buffer at pH 7.0, including 5 mM CaCl 2 and 0.03 % β-DM (n-dodecyl-β-D-maltoside), with a chlorophyll concentration of 11.4 mM were filled into quartz tubes (2 mm internal diameter, 2.9 mm internal diameter) and frozen in liquid nitrogen. The frozen solution was then illuminated for approx. 2 min at 200 K with a 180 W halogen lamp immediately before the EPR experiments. The sample tube was transferred after illumination into the cryostat precooled to 80 K. All experiments were performed on a Bruker BioSpin Elexsys E580 spectrometer equipped with a Super QFT upgrade, an Amplifier Research 250A250A RF (radiofrequency) amplifier and a home-built Q-band ENDOR resonator. Shortest lengths for π -pulses, achieved with this resonator, were 40 ns for an EPR pulse (at 34 GHz) and 20 μs for a 1 H-NMR pulse (at 51 MHz). The resonator design for the use of 2.9 mm outer diameter quartz sample tubes ensures high sensitivity also for low-concentration protein samples. All EPR and ENDOR spectra were recorded at a sample temperature T = 5 K and at a microwave frequency ν=34.03 GHz. The FSE (field-swept echo) spectra were acquired using a two-pulse sequence π /2-τ -π -τ -echo with pulse lengths of 32 and 64 ns for the π /2-and π -pulses respectively. The shot repetition time for the FSE spectra was 800 μs. For the Davies ENDOR sequence π -T-π /2-τ -π -τ -echo, the same pulse lengths were used; the RFpulse during the time interval T had a length of 8 μs. All ENDOR spectra were recorded in stochastic mode, where the RF is varied randomly to prevent heating artefacts and with a shot repetition time of 800 μs.
Results and discussion
An FSE EPR difference spectrum (light-dark) of the S 2 -state of frozen PSIIcc solution is shown in Figure 1 . The > 200 mT broad signal with a Gaussian line shape is assigned to the MLS. The tyrosine radical signal present in difference spectra of untreated PSII preparations has been omitted for clarity. The inset in Figure 1 shows a cw (continuous wave)-like pseudo-modulation of the S 2 -state spectrum. The resolved manganese hyperfine structure, which leads to the name MLS, can clearly be seen in the pseudo-modulation spectrum, whereas the hyperfine structure appears only as weak shoulders on the outer edges of the broad absorption line. Six additional intense sharp lines are visible besides the broad MLS and the omitted tyrosine signal. These belong to traces of Mn 2+ present in the frozen solution samples. Owing to slightly different measurement conditions before and after illumination of the sample outside the resonator, the Mn 2+ contributions could not be completely eliminated in the difference spectrum. Figure 2 shows ENDOR spectra recorded for both the S 1 -and S 2 -state samples at two different field positions within the S 2 -state MLS EPR spectrum. Both field positions are several hundreds of G away from the tyrosine radical signal as well as from the narrow Mn 2+ signals. For the S 1 -state, only a featureless baseline is visible. Therefore we assume that all the intensity in the S 2 -state spectrum arises from the manganese cluster of the OEC. Signals from protons in the vicinity of the OEC are visible in both S 2 -state spectra in the low-frequency region at approx. 50 MHz. The manganese contribution to the spectra is in both cases an approx. 100 MHz broad line superimposed by some resolved structures. For the spectrum acquired at 1250 mT, four lines are visible: a rather narrow peak at 90 MHz, a broader peak at 110 MHz, a line at 150 MHz and a last peak at 180 MHz. The resolved structures in the spectrum recorded at 1180 mT are two clear peaks at 100 and 115 MHz. The overall shape of the spectra shown here is quite similar to those published by Randall et al. [14] at X-band and by Kulik et al. [16] for untreated spinach preparations at Q-band, but different from the Q-band ENDOR spectra for methanol-treated spinach preparations [16] as those show better resolved lines.
In order to investigate whether the resolution difference between the recent spectra from spinach PSII preparations and our spectra is due to different hyperfine selection effects in the slightly different MLS EPR spectra between spinach and T. elongatus PSII [18] , we recorded a set of ENDOR spectra at various magnetic field positions within the MLS. These ENDOR spectra of the S 2 -state are shown in Figure 3 Figure 1) A total of 30 000-50 000 averages were recorded at each frequency point, depending on field position; other experimental parameters are given in the text.
with the corresponding field positions indicated in the inset. All investigated field positions are on the left-and right-hand sides of the free Mn 2+ -signal to avoid contributions of Mn 2+ to the ENDOR spectra. The spectra all show a broad underlying component with additional sharper features. The spectra recorded between 1245 and 1280 mT are all qualitatively similar to that recorded at 1250 mT discussed above. The first notable 55 Mn-ENDOR intensity after the protons starts at 65 MHz in the spectrum recorded at 1245 mT, with a small peak at 75 MHz that vanishes for spectra taken at higher field positions, followed by a sharp feature at 90 MHz. This line sits on top of a very broad peak with a maximum at approx. 110 MHz. The next feature extends from 135 to 165 MHz, reaching a peak at approx. 150 MHz, followed by the 180 MHz line. The high similarity of all spectra taken on the right-hand side of the free Mn 2+ -signal is in good agreement with the result of Kulik et al. [16] .
All spectra taken at the low-field positions share a high similarity to the one recorded at 1180 mT discussed above and are substantially different from those on the high-field side. There still is a broad component, but it extends only up to 130 MHz, with two sharp features at 100 and 115 MHz. The high-frequency peak at approx. 180 MHz present on the high-field side is absent from all low-field spectra. Owing to the Mn 2+ contribution in the centre of the spectrum, we are unable to track this high-frequency peak throughout the whole spectral range of the MLS and cannot exclude a shift of this peak on the low-field side of the MLS beyond our present instrumental limitation to frequencies below 200 MHz.
The strong difference between our ENDOR spectra acquired on the high-field side and those on the low-field side is in contrast with the result of Peloquin et al. [15] . In that study, ENDOR spectra recorded at 9 GHz on the lowand high-field sides of the MLS are very similar.
In summary, our 55 Mn-ENDOR spectra recorded on PSIIcc from T. elongatus are in best agreement with an earlier spectrum recorded for spinach preparations without the addition of methanol [16] . This concerns as well the overall spectral shape as the peak positions. The clearly resolved manganese hyperfine features beyond 100 MHz correspond well between these spectra, with a small shift to higher frequencies in the case of PSII from T. elongatus. These small differences in the 55 Mn hyperfine couplings might result in the reported difference of MLS spectra from spinach and T. elongatus [18] . However, additional 55 Mn-ENDOR experiments are necessary to clearly establish similarities or differences in the electronic and geometric structures of the WOC of plant and cyanobacterial PSII and their dependence on specific preparation conditions.
